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Summary Bilateral synchronous epileptiform discharges registered in patients with
partial epilepsies may be generated by different pathophysiological mechanisms.
Differentiation between underlying mechanisms is often crucial for correct diagnosis
and adequate treatment in clinical epileptology. The aim of this study was to model in
rats two possible mechanisms–—secondary bilateral sychrony and interaction between
multiple epilepic foci. Furthermore, to describe in detail semiology, laterality and
differences in motor phenomena. Secondary bilateral synchrony was modeled by
unilateral topical application of bicuculline methiodide (BMI) over the sensorimotor
cortex. Bilateral symmetric application of BMI was used as a model of multiple
epileptic foci. Electrographic and behavioural phenomena were recorded for 1 h
following the application of BMI. Electroencephalogram in both groups was char-
acterized by presence of bilateral synchronous discharges. Myoclonic and clonic
seizures involving forelimb and head muscles represented the most common motor
seizure pattern in both groups. Significant differences were found in the laterality of
motor phenomena. Motor seizures in unilateral foci always started in the contral-
ateral limbs whereas symmetrical foci exhibited bilateral independent onset of
convulsions. Similar lateralization was observed in interictal motor phenomena
(myoclonic jerks). An important influence of posture on epileptic motor phenomena
was demonstrated. Active or passive changes in animal posture (verticalization to
bipedal posture) caused conversion from unilateral myoclonic jerks or clonic seizures
to bilaterally synchronous (generalized) motor phenomena in both groups.
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Bilateral synchronous epileptiform discharges and
bilateral synchronous (generalized) motor phenom-
ena can be found in a certain population of patients. Published by Elsevier Ltd. All rights reserved.
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patients with generalized epilepsy, in which synchro-
nized oscillations in the thalamocortical network are
presumed to be an underlying pathophysiological
mechanism.1,2 However, bilateral synchronous dis-
charges and seizures occur even in patients with
partial epilepsy. Three major pathophysiological
mechanisms have been implicated in the generation
of bilateral synchronous EEG and motor features of
focal origin: (1) secondary bilateral synchrony,3 when
focal discharges rapidly spread to the opposite hemi-
sphere through cerebral commissures, especially the
corpus callosum4,5; (2) interaction between multiple
epileptic foci, when activity between foci is synchro-
nized through callosal and subcortical connections6;
(3) secondary generalization, when focal activity
spreads to subcortical structures and then back to
the cortex of both hemispheres.7
Bilateral synchronous discharges of focal origin
can be associated not only with partial but also with
bilateral synchronous (generalized) seizures. These
seizures may be tonic—clonic, myoclonic, astatic,
myoclonic—astatic or tonic.3,6,8—11 Thus partial epi-
lepsy can exhibit electroencephalographic and
semiologic features mimicking generalized epilepsy.
Therefore, from the diagnostic and therapeutic
point of view it is crucial to differentiate between
these mechanisms. However, experimental work
describing behavioural and electroencephalo-
graphic differences between the above-mentioned
mechanisms is lacking.
The main aims of our study were: (1) to describe
and compare motor, behavioural and electrographic
patterns in animal models of secondary bilateral
synchrony and bilateral epileptic foci; (2) identify
features enabling differentiation between these
twomechanisms; (3) test whether bilateral synchro-
nous motor phenomena occur in these models and
(4) examine the hypothesis that epileptic motor
phenomena can be influenced by the animal’s pos-
ture and position.
We used strong unilateral bicuculline neocortical
foci activity of which sufficiently propagated to
contralateral hemisphere12,13 as a model secondary
bilateral synchrony. As model of multiple foci we
used bilateral symmetric application of bicuculline.Methods
Animals
Adult male Wistar rats (n = 26) weighing 300—490 g
were housed under standard conditions in a room
with controlled temperature (22  1 8C) and 12/
12 h light/dark cycle (lights on at 6 a.m.). Theanimals had ad libitum access to food and water.
All experiments were approved by Animal Care and
Use Committee of the Institute of Physiology of
Academy of Sciences of the Czech Republic in agree-
ment with the Animal Protection Law of the Czech
Republic (fully compatible with European Commu-
nity Council directives 86/609/EEC).
Surgery
Surgical preparation was performed under
halothane anaesthesia. All coordinates were related
to bregma according to the atlas of Paxinos and
Watson.14 Small trephine openings were drilled sym-
metrically over right and left sensorimotor cortex at
coordinates AP = 0.5 mm, L = 2.5 mm. Stainless
steel cannulae, made from injection needles (outer
diameter 22G), were implanted into these openings
to touch an undamaged dura mater. These cannulae
were fabricated by cutting 1 cm of needle. Rough
edges were smoothed using a diamond grinder. A
stainless steel wire was soldered to cannula to
record bioelectrical activity directly from the area
of application. Then cannulae were insulated with
an enamel and closed with stainless steel rods with a
thickness corresponding to the inner diameter of the
cannulae. After cannula implantation, a reference
electrode was inserted into the nasal bone and a
ground electrode into the occipital bone over the
cerebellum. All electrodes were connected to a
female plug and the whole assembly was embedded
in a fast curing dental acrylic.
After surgery, animals were housed in single cages
and allowed to recover for at least 6 days before the
recording started. Rats were handled and their
cannulas were cleaned every 2 days using paraffin
oil and a metal rod or dental hook.
Elicitation of epileptic foci
Animals were placed into plexiglass observation
boxes (25 cm  30 cm  35 cm) and connected to
the EEG apparatus. After recording control EEG,
the cannulae closing rods were replaced by modified
Hamilton microsyringe. Bicuculline methiodide
solution (5 ml 2 mM BMI; Sigma—Aldrich, #B6889)
was slowly applied in freely moving animal. The
amount and concentration of applied BMI solution
was chosen as it evokes focal epileptic activity
which well propagates to the contralateral hemi-
sphere (at least in EEG).13 After application the
microsyringe was left in the cannula for at least
30 s to avoid leak of solution back into the cannula.
Throughout the whole BMI application procedure,
care was taken to ensure against the leakage of BMI
solution. The first group of animals (n = 14) received
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(bilateral foci, n = 12) BMI was applied at first to
one hemisphere and then to the other one. The
delay between both applications did not exceed
1 min. The same experimental session was repeated
three times in all animals; the interval beween two
consecutive sessions was at least 4 days.
Recording of bioelectrical activity and
behaviour
Spontaneous EEG activity was recorded 3 min before
applicationandduring thewholeapplication. Follow-
ing the injection of BMI EEG activity was recorded
next 60 min. EEG signal was amplified, filtered (half-
amplitude cut off frequencies 0.25 and 70 Hz) and
digitized at a rate of 1 kHz. Data were stored on
computer hard disk. The behaviour of the animals
throughout the experiment was coded directly into
EEG recordings by an experienced observer. In some
animals frombothgroups thebehaviourwas recorded
throughout the experiment by high-resolution video
camera (Sony Handycam DCR-TRV900 Mini DV Digital
Camcorder). To test the influence of forelimb support
on epileptic motor phenomena, eleven animals with
unilateral foci and six animalswithbilateral fociwere
passively verticalized during the experiment. The
anterior half of their body was elevated for several
seconds using a special vest.
Recording sessions were finished by an intraper-
itoneal injection of valproic acid (Sigma, St Louis,
MO, #P6273; 200 mg/kg) to stop the epileptic activ-
ity. Cannulae were closed with rods.
Data analysis
Only electroencephalographic epileptiform activ-
ities lasting more than 5 s were classified as ictal
ones. All other activities (single spikes as well as
series of spikes or spike-and-wave episodes shorter
than 5 s) were taken as interictal. Epileptiform
discharges were assessed visually. The amplitudes
of discharges were compared and expressed as
amplitude ratio AR = 100  AL/AR and amplitude
difference AD = (AL  AR)/(AL + AR), where AL and
AR indicate amplitudes from left and right cortical
electrode, respectively.
Behavioural correlates of activity of epileptic foci
were analyzed from the semiological point of view.
Attention was focused on the incidence of individual
types of motor and behavioural phenomena (inter-
ictal, ictal), their laterality and on the presence of
bilateral synchronous motor phenomena. Results
were statistically analyzed using Fisher’s exact test
(SigmaStat1). All results are presented as mean
 S.E.M. or percents.Results
Unilateral focus group
EEG
Focal interictal discharges were present in all ani-
mals (Fig. 1B). They were composed of monophasic
or biphasic (positive—negative) spikes with a pre-
dominant negative component (1067  29.7 mV).
Spikes could be followed by a positive slow wave.
The amplitude of this wave was much lower than
that of the spike (279.1  7.7 mV). Often an initial
spike was followed by a short burst of rhythmic
spikes with a frequency of 10 Hz (Fig. 1B). Burst
duration was up to 4 s. Interictal discharges pro-
jected regularly to contralateral hemisphere. The
shape of secondary projected discharges was similar
to that of primary discharges. The amplitude of
projected discharges was 443.7  13.9 mV. The
amplitude ratio between amplitude of focal dis-
charges and propagated discharges was 43.4  1%,
amplitude difference was 0.41  0.01. Secondary
independent discharges were never observed.
Spontaneous transition of interictal discharges
into ictal activity was present in 92.9% of animals.
The ictal pattern was characterized by episodes of
rhythmic repetitive spikes, spike-and-wave (SW) or
polyspike-and-wave (PSW) rhythms (Fig. 1C).
Throughout the course of seizure, the frequency
of spikes, SW or PSW gradually decreased from 4
to approximately 2 Hz. Another ictal pattern was
represented by episodes of rhythmic activity with a
frequency of 8—14 Hz (Fig. 1C). These fast runs
appeared only in connection with SW or PSW activ-
ity, but never independently. Ictal activity always
started and ended simultaneously in both hemi-
spheres.
Low-amplitude rhythmic spikes or sharp waves
mixed with interictal discharges were observed dur-
ing seizures (Fig. 1D) or after their end in three
animals in this group and were accompanied by wet
dog shakes (see below).
Behavioural correlates
Early discharges following the application of BMI
were not associated with any motor phenomena.
Later in well-established foci, myoclonic jerks of
forelimbs (92.9% of rats) and/or hindlimbs (71.4% of
rats) contralateral to the epileptic focus repre-
sented common motor correlates of interictal dis-
charges. Independent jerks of ipsilateral forelimb
appeared only in one animal. Myoclonic jerks of
head muscles (jerks of ear, eyelid, nose, vibrissae
or mouth angle contralateral to the focus) were
observed in 92.9% rats. Jerks of the axial or neck
muscles resulted in lateral deviation of the body or
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Figure 1 EEG recording from left (LF) and right (RF) sensorimotor cortex in a rat with a single epileptic focus in the right
hemisphere. Schematic showing localization of electrodes is shown below, black dot marks the site of bicuculline
methiodide application. (A) Recording demonstrating ictal and interictal periods. (B) Interictal focal discharges exhibit a
marked asymmetry in amplitude. Each discharge was accompanied by a myoclonic jerk of left forelimb. Short burst of
rhythmic activity (black arrows) were accompanied by left forelimb tremor. (C) Ictal activity accompanied by tonic and
clonic seizures on the left side of the body. (D) High-amplitude spike-and-wave complexes mixed with repetitive waves
(marked with stars). Single jerks as well as wet dog shakes were present. An upward deflection reflects a negativity of the
cortical electrode. Time marks are different for individual sections, amplitude calibration is always 1 mV.the head (78.6% of rats). This deviation was always
directed toward the focus. Sometimes these jerks
were so intense that the animal fell down. Dis-
charges which were followed by short bursts of
rhythmic activity were characterized by initial mas-
sive myoclonia followed by repeated myclonus,
which resembled tremor.
Ictal periods (observed in 92.9% rats) started
with clonic seizures involving contralateral fore-
limbs and hindlimbs in all animals. The frequency of
the clonic jerks correlated exactly with frequency
of spike-and-wave complexes. Head, neck and axialmuscles were also involved. During the course of
seizures motor correlates could change side and
involve limbs ipsilateral to the focus (71.4% rats). In
prolonged seizures side alternation could occur
several times. Tonic seizures of limbs or tonic ver-
sion of the head and/or trunk appeared as a corre-
late of rhythmic spike activity (fast runs) in the
EEG. Five rats exhibited rearing accompanied by
synchronous clonic jerks of both forelimbs. Wet dog
shakes occurred in 21.4% rats at the end or imme-
diately after the clonic seizures. Transition to gen-
eralized convulsive seizures was observed only
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wild running and did not progress into generalized
tonic—clonic seizures.
During interictal periods and during partial tonic
and clonic seizures animals were able to respond to
external stimuli (odor, visual or tactile stimuli).
Some animals also tried to find a body position to
decrease or suppress the (unpleasant) negative
effect of epileptic motor phenomena. For example
propping against the plexiglass wall minimized mas-
sive myoclonic head/body deviations. These men-
tioned observations suggest that conciousness of the
animals was not altered during the interictal dis-
charges and seizures.Figure 2 EEG recording from left (LF) and right (RF) sensorim
(A) Recording demonstrating ictal and interictal periods. (B)
with similar amplitude. Discharges were associated with myo
spike activity accompanied by bilateral clonic seizures. (D) Ict
by clonic, then tonic and again clonic convulsions. An upwarBilateral group
EEG
Bilateral interictal discharges occurred synchro-
nously in all animals, immediately after the end
of both applications (Fig. 2B). These discharges
were nearly symmetrical in amplitude (left focus
amplitude was 888.5  15.7 mV, right focus ampli-
tude was 953.4  10.5 mV). The amplitude ratio
between disharges was 92.8  1%, the amplitude
difference was 0.0422  0.006. The morphology
of discharges in both hemispheres was exactly the
same as in unilateral primary focus (spikes and/or
spike-and-wave complexes) (Table 1).otor cortex in a rat with bilateral symmetric epileptic foci.
Interictal activity–—bilateral synchronous focal discharges
clonic jerks of left limbs. (C) Rhythmic spike-and-wave or
al polyspike-and-wave activity and fast runs accompanied
d deflection reflects a negativity.
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Table 1 Incidence of interictal and ictal motor phenomena
Unilateral focus Bilateral foci
Limb myoclonus 13/14 (92.9%) 12/12 (100%)
Partial clonic or tonic—clonic seizures 13/14 (92.9%) 12/12 (100%)
Rearing 5/14 (35.7%) 6/12 (50%)
Wet dog shakes 3/14 (21.4%) 4/12 (33.3%)
Generalized seizures 1/14 (7.1%) 2/12 (16.7%)Transition to seizures was recorded in all animals.
The ictal EEG pattern did not differ from that
recorded in rats with unilateral foci. It was char-
acterized by spike-and-wave or polyspike-and-wave
rhythm with variable frequency (Fig. 2C). Fast runs
of spike activity were also present (Fig. 2D).
Behavioural correlates
Initial focaldischargeswerewithoutmotorcorrelates
similarly as in unilateral foci. After well established
epileptic activity, myoclonic jerks of limbs, head and
trunk were observed in all animals. Isolated myoclo-
nic jerksoccurred independently oneither side in 75%
of animals. These jerks could quickly change side, so
that they mimicked stepping, although a predomi-
nance of one side was often observed. Bilaterally
synchronous jerks were seen in head muscles, espe-
cially on ears and eyelids. Myoclonic jerks involving
axial and neck muscles led to brief fast lateral devia-
tion on either side. Activation of axial muscles was
symmetrical in three animals and it resulted in jerks
of the body in an upward direction.
Even in this group, ictal activity started as focal
clonic or tonic—clonic seizures of forelimb and hin-
dlimb muscles on one body side; head and trunk
muscles could be also activated. Limbs on the other
side became involved throughout the course of
seizures (91.7%). The side of the initial motor phe-
nomena was not dependent on the order of BMI
application. Nine animals (75%) exhibited irregu-
larly alternating onset on either side during
repeated seizures. Rearing was observed in 50% of
animals and wet dog shakes in 33.3% of rats. Transi-
tion to generalized convulsive seizures was present
in 16.7% of animals.
Differences between unilateral and bilateral
foci
Both groups did not differ in the semiology of inter-
ictal or ictal motor phenomena. The only differenceTable 2 Laterality of interictal and ictal motor phenomen
Bilateral independent limb myoclonus
Bilateral limb involvement during clonic or tonic—clonic se
Bilateral independent onset of limb clonic or tonic—clonicwas found in laterality of motor phenomena
(Table 2). Bilateral interictal motor phenomena
occurred in one animal (7.1%) from unilateral group
in comparison with eleven animals from bilateral
group (91.7%; Fisher’s test, p < 0.001). During the
seizure, bilateral involvement increased in animals
with single focus (78.6%) due to the propagation of
epileptic activity. Bilateral ictal motor phenomena
occurred in 91.7% of animals from bilateral group.
However, in animals with unilateral foci, seizures
always started with involvement of contralateral
extremities; ipsilateral seizure onset was not
observed. In contrast, 75% of animals with bilateral
foci had bilateral independent onset of seizures
(Fisher’s test, p < 0.001).
Impact of postural mechanisms
The semiology of seizures changed with posture of
animals. With passive or active elevation of the
anterior half of the body originally unilateral jerks
changed to bilateral synchronous ones in 10 out of 11
tested animals from the group with unilateral foci.
All six animals with bilateral foci tested in this way
exhibited the same change if forelimbs did not touch
the floor. Bilateral jerks could differ between each
animal from both groups. The intensity of jerks was
usually, but not necessarily, the same on both limbs.
The difference was obvious in animals with single
foci, in which the myoclonic jerks were more
intense on the forelimb contralateral to the focus.
Ictal motor correlates (tonic, clonic) were influ-
enced by the change of posture in the same way.
Another effect of upright posture was that, it
unmasked discrete motor phenomena. Motor corre-
lates could be absent at the beginning of focal
activity, when the contralateral projection was
not yet perfect, or if focal activity was exhausted
(e.g. low-amplitude focal discharges at the end of
the recording period). Under these conditions dis-a
Unilateral focus Bilateral foci
1/14 (7.1%) 11/12 (91.7%)
izures 11/14 (78.6%) 11/12 (91.7%)
seizures 0/14 (0%) 9/12 (75%)
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or wrist could be observed after the elevation of
anterior part of the body in animals from both
groups. These phenomena were not observed in
quadrupedal posture of animal.Discussion
The majority of motor and EEG phenomena
observed in animals with unilateral foci are in
accordance with data from the literature dealing
with neocortical foci.13,15—22 On the other hand,
the only study of behavioural correlates of bilateral
foci was performed in monkeys by Marcus et al.,23
however detailed description of them is lacking. In
our work, the semiology of interictal and ictal
phenomena in both groups was basically identi-
cal–—dominated by interictal myoclonias and sim-
ple partial motor seizures. Significant differences
between the two groups were observed in the
laterality of motor correlates. These differences
are in accordance with clinical experience that: (1)
bilateral independent onset should raise a suspicion
about possible existence of bilateral epileptic
foci24; (2) to have a correct localization of epileptic
foci from ictal motor activity it is necessary to
analyze onsets or very early parts of seizure. Ana-
lysis of late phases may lead to misinterpretations
due to a facilitated seizure spread.25 Our results
also demonstrate that interictal motor phenomena
are more informative than ictal ones as lateraliza-
tion is concerned.
This work also demonstrates that the activity of
single focus and bilateral foci may be associated
with bilateral synchronous (generalized) motor phe-
nomena. In case of bilateral foci, their activity is
synchronized by the corpus callosum26,27 and leads
to synchronous activation of cortico-spinal path-
ways. Why do bilateral motor phenomena occur in
animals with a single focus?
The most probable explanation is, as a result of
spread of epileptic activity to the contralateral
homotopic area. The spread of motor phenomena
and metabolic activation of contralateral homoto-
pic areas were demonstrated by Collins.16,28 He
showed that contralateral spread and bilateral
motor correlates depended on the intensity of the
focus and duration of its activity. Increasing strength
of the epileptic focus and occurrence of bilateral
motor phenomena were related with increase in
metabolism of the projection area.28 Our observa-
tions that the increased incidence of bilateral motor
phenomena over time after application BMI, support
this hypothesis. Focal discharges are able to propa-
gate to contralateral hemisphere early after theapplication of BMI as demonstrated by presence of
projected discharges. However, this activity may be
insufficient to generate synchronized output that
projects to spinal motoneurons.29
Another mechanism of bilateral jerks related to a
single focus may be found at the level of cortico-
spinal pathway and spinal cord. It was described
that unilateral cortical stimulation led to flexor
movements in both contralateral and ipsilateral
limbs.30,31 Also, fully developed discharges of uni-
lateral penicillin focus in sensorimotor cortex were
accompanied by nearly identical spinal field poten-
tials in both hemicords of anesthetized rats. The
excitatory postsynaptic potentials elicited in spinal
motoneurons by ipsilateral or contralateral cortical
stimulation differed only slightly in the amplitude
and slope of rise.29 Based on these findings, it was
suggested that cortico-spinal tract of the laboratory
rat has bilateral terminations. Some morphological
studies also described incomplete crossing of cor-
tico-spinal tract in rodents.32,33 A combination of
the above-mentioned mechanisms is possible. So
this study represents experimental evidence that
secondary bilateral synchrony and interaction
between multiple foci may be involved in the gen-
esis of bilateral synchronous seizures. But why do
synchronous bilateral motor phenomena not occur
under natural conditions and why were these motor
phenomena only observed after change of the ani-
mal’s posture?
The observed epileptic motor phenomena are due
to synchronous activation of pyramidal cells in
motor cortex.34 Despite their pathological nature
epileptic motor patterns have to be under control of
physiological regulatory mechanisms as with other
motor patterns.35 Both experimental and clinical
studies demonstrate changes in epileptic motor
phenomena after lesioning different brain struc-
tures involved in regulation of movement and pos-
ture.36—38 The final determinants of the motor
patterns of seizures are the reflex systems of the
spinal cord.39 These reflex mechanisms may be
responsible for changes in motor patterns in our
study. For example, epileptic flexion of one forelimb
must result in bracing of the opposite forelimb due
to the crossed extension reflex.35 It enhances pos-
tural control and counteracts the increased load
caused by lifting one limb. This mechanism may
lead to attenuation of motor correlates on the
opposite limb but this activity may be unmasked
in an upright position when both forelimbs are
relieved. The influence of body position on epileptic
motor phenomena was documented in work of
Jami,40 who stressed the impact of experimental
conditions on differences between extensor and
flexor components of seizures.
634 P. Jirusˇka et al.The impact of posture raises important issue. The
majority of in vivo epileptic seizure models are
performed on quadrupedal animals, mainly rodents.
It explains why some seizure types typical for human
patients cannot be observed in these models. A good
example is astatic seizures, which can be observed
only in connection with an upright posture; they are
not seen in recumbent patients or in infants that are
unable to reach an upright posture. So using beha-
vioural techniques to elicit upright posture in quad-
rupedal animals could bring additional information
about epileptic motor phenomena in commonly used
epilepsy models.Acknowledgements
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